The leaf essential oils of twenty-three species of Lauraceae from Monteverde, Costa Rica, have been screened for inhibition of the cysteine protease cruzain. Of these, nine showed promising cruzain inhibitory activity (IC 50 < 100 μg/mL), six showed marginal activity (IC 50 , 100-500 μg/mL), and eight were inactive (IC 50 > 500 μg/mL). The cruzain inhibitory activities of the essential oils can be attributed to active sesquiterpenoid components as well as synergistic effects between two or more components. The sesquiterpenes α-copaene, β-caryophyllene, α-humulene, and germacrene D are active (IC 50 ~5-30 μg/mL) alone, but also show increased activity in combination with other essential oil components.
Parasitic protozoal infections such as trypanosomiasis continue to be a great cause of human morbidity and mortality, not only in developing nations where they are endemic, but also to people of industrialized countries due to world travel. An estimated [16] [17] [18] million people in tropical and subtropical America are infected by Trypanosoma cruzi, the protozoan responsible for Chagas disease [1] . Current chemotherapeutic treatments include nifurtimox and benznidazole, but these medicinal agents are accompanied by severe side effects and require prolonged use [2] . Vaccines for Chagas disease are currently unavailable [3] . Natural sources should not only provide new trypanocidal compounds with promise to combat these diseases, but also afford lead structures for synthetic modification and optimization of bioactivity [4] . Proteases play essential roles in the metabolism, replication, survival, and pathology of parasitic protozoa, and the cysteine protease cruzain has been identified as a potential target for Trypanosoma cruzi [5] . Plant pathogenic fungi [6] , bacteria [7] [8] [9] , plant viruses [10] , pathogenic mites [11] , and herbivorous insects [12, 13] utilize papainfamily cysteine proteases in order to infect the host plant. It seems reasonable to presume that plants have developed cysteine protease inhibitors for protection from pathogenic pests and herbivory. Indeed, a number of proteins (cystatins) that inhibit cysteine proteases have been isolated and identified from plants [6, 11, [14] [15] [16] [17] . We hypothesize that tropical rainforest plants have evolved smallmolecule cysteine protease inhibitors in response to plant pathogens and herbivory, and that these compounds may be useful against human pathogens as well. In this work, we present the chemical compositions and the cruzain inhibitory activities of leaf essential oils from a number of species of the Lauraceae from Monteverde, Costa Rica. Table 2 .
The collection and GC-MS analyses of the five Beilschmiedia spp. [18] , Nectandra membranacea [19] , and the ten Ocotea species [20] have been previously reported. The essential oils were screened for cruzain inhibitory activity and the IC 50 values determined. The cruzain inhibitory activities of Beilschmiedia, Cinnamomum, Nectandra, Ocotea, Persea, and Pleurothyrium leaf oils, along with some essential oil components, are summarized in Table 3 .
Nine species showed pronounced cruzain inhibitory activity with IC 50 values < 100 μg/mL. There is not an obvious correlation between cruzain inhibitory activity and the chemical compositions, however. It has been suggested that synergistic and/or antagonistic effects of essential oil components may account for observed biological activities in essential oils [21] including, for example, antimicrobial [22] [23] [24] , insect antifeedant [25] , insecticidal [26] , acaricidal [27] , antioxidant [28, 29] , cytotoxic [30, 31] , and enzyme inhibitory [32, 33] activities. In order to test this, we have examined 1:1 binary mixtures of some commercially available essential oil components for potential synergistic and/or antagonistic effects in cruzain inhibition ( [20] . It does, however, contain large amounts of both αand β-pinenes, as well as limonene (4.5%) and myrcene (1.4%), which show pronounced synergy with one another other, along with 10.0% oxygenated sesquiterpenoids. In apparent contradiction, however, O. floribunda leaf oil also has large concentrations of both αand β-pinenes, along with 15.7% total sesquiterpenoids, but was only marginally active.
O. sinuata leaf oil was rich in sesquiterpenoids, as well as pinenes [20] , but the oil is inactive. Similarly, Beilschmiedia "chancho blanco" is also inactive, but the leaf oil contained 58.5% sesquiterpene hydrocarbons, along with 12.1% α-pinene and 7.7% β-pinene [18] , so it is not obvious why these plant oils are inactive. [18] [19] [20] . Collection details and essential oil yields are compiled in Table 1 .
Gas chromatographic-mass spectral analysis:
The leaf oils of the plants were subjected to gas chromatographic-mass spectral analysis using an Identification of oil components was achieved based on their retention indices (determined with reference to a homologous series of normal alkanes), and by comparison of their mass spectral fragmentation patterns with those reported in the literature [34] and stored on the MS library [NIST database (G1036A, revision D.01.00)/ChemStation data system (G1701CA, version C.00.01.08)]. The chemical compositions of the essential oils are summarized in Table 2 .
Cruzain inhibition assay:
The activity of essential oils and essential oil components against recombinant cruzain [35] was measured by a fluorescence assay using Z-Phe-Arg-AMC·HCl as the fluorescent enzyme substrate. The cruzain solution (4 nM) was prepared with 20 μL of cruzain per liter of 100 mM sodium acetate buffer with 5 mM DTT and a pH of 5.5. The substrate solution (40 μM) was prepared with 26 mg Z-Phe-Arg-AMC·HCl, first dissolved in DMSO, per liter of 100 mM sodium acetate buffer with 5 mM DTT and a pH of 5.5. The essential oils and components were prepared as 1% solutions in DMSO. For each well of a 96 well plate 475 μL of cruzain was mixed with 25 μL of the sample solution to be tested. Of this mixture, 100 μL was pipetted into each well.
Each sample was tested in quadruplicate with DMSO negative controls and TLCK positive controls. After approximately 10 minutes incubation at room temperature, 100 μL of the substrate solution was pipetted into each well (the final sample concentration is 500 μg/mL). The plate was then immediately read using a SpectraMax M2 fluorescence plate reader. After an initial mixing period of 5 seconds the fluorescence was measured 9 times over a period of 5 minutes with an excitation wavelength of 355 nm and an emission wavelength of 460 nm. The slope given by the change in fluorescence was then exported into an Excel spreadsheet for the calculations of percent inhibition and standard deviation. Samples that showed >50% inhibition at 500 μg/mL were retested at 50 μg/mL and 5 μg/mL. IC 50 values were determined using the Reed-Muench method [36] . The cruzain inhibitory activities of the leaf oils and components are presented in Table 3 ; the activities of 1:1 binary mixtures of essential oil components are summarized in Table 4 .
